The adeno-associated viruses (AAVs) can package and deliver foreign DNA into cells for corrective gene delivery applications. The AAV serotypes have distinct cell binding, transduction, and antigenic characteristics that have been shown to be dictated by the capsid viral protein (VP) sequence. To understand the contribution of capsid structure to these properties, we have determined the crystal structure of AAV serotype 4 (AAV4), one of the most diverse serotypes with respect to capsid protein sequence and antigenic reactivity. Structural comparison of AAV4 to AAV2 shows conservation of the core ␤ strands (␤B to ␤I) and helical (␣A) secondary structure elements, which also exist in all other known parvovirus structures. However, surface loop variations (I to IX), some containing compensating structural insertions and deletions in adjacent regions, result in local topological differences on the capsid surface. These include AAV4 having a deeper twofold depression, wider and rounder protrusions surrounding the threefold axes, and a different topology at the top of the fivefold channel from that of AAV2. Also, the previously observed "valleys" between the threefold protrusions, containing AAV2's heparin binding residues, are narrower in AAV4. The observed differences in loop topologies at subunit interfaces are consistent with the inability of AAV2 and AAV4 VPs to combine for mosaic capsid formation in efforts to engineer novel tropisms. Significantly, all of the surface loop variations are associated with amino acids reported to affect receptor recognition, transduction, and anticapsid antibody reactivity for AAV2. This observation suggests that these capsid regions may also play similar roles in the other AAV serotypes.
Adeno-associated viruses (AAVs), which are members of the Dependovirus genus of the Parvoviridae, are helper-dependent parvoviruses isolated from a number of different species, including humans (50) . Despite a requirement for coinfection with a helper virus, such as adenovirus or herpesvirus, for productive replication, AAV capsids are similar to those of the autonomous parvoviruses, with Tϭ1 icosahedral symmetry and an overall diameter of ϳ260 Å that encapsulates a singlestranded-DNA (ssDNA) genome of ϳ5,000 bases (9, 40, 53, 62, 70) . The capsid consists of three overlapping viral proteins (VPs), namely, VP1 (90 kDa), VP2 (72 kDa), and VP3 (60 kDa) , at a ratio of 1:1:10, that are generated by alternative splicing and translational initiation during productive infection. VP3 constitutes 90% of the capsid, but all three proteins contain a common C-terminal domain of about 530 amino acids.
Recombinant gene transfer vectors based on AAV serotype 2 (AAV2) have proven effective in animal models for the correction of genetic diseases of the eye, brain, muscle, liver, and lung (e.g., see references [18] [19] [20] 26 , and 58), with human clinical trials now under way for the correction of several diseases. However, numerous studies, including those that use "pseudotyped" capsids, in which AAV vectors are generated using the AAV2 inverted terminal repeats to package a reporter gene (such as green fluorescent protein or luciferase) or a therapeutic gene within the capsids of other serotypes, have shown that other serotypes possess unique tissue tropisms and improved gene transfer activities compared to those of AAV2 for some cell types (7, 13, 21, 22, 31, 49, 56, 64) . AAV1, for example, can transduce rodent skeletal muscle as much as a thousandfold more efficiently than AAV2 (8) . AAV4 has strong tropism for ependymal cells in the central nervous systems of mice (13, 43) and for retinal pigmented epithelium in rats, dogs, and nonhuman primates (65) . Among the more recently discovered serotypes, AAV7 has also been shown to have superior muscle transduction compared to AAV2, while AAV8 and AAV9 are the most efficient serotypes discovered so far for transducing the liver (e.g., see references 21 and 22) .
Tropism differences dictated by the capsid sequence and the need to improve the effectiveness of AAV gene therapy applications through capsid manipulation have generated a need to understand the basic biology of the different serotypes, particularly the mechanism(s) of cellular attachment and entry, antigenic reactivity, and capsid structure. The homology between the capsid sequences of the AAV serotypes is high, although primary cell surface receptor recognition properties are dramatically different. AAV2 and AAV3, which are ϳ87% identical, utilize heparin sulfate as their primary receptor (59), but with different binding affinities (24, 56) . This is likely due to the absence, in AAV3, of critical arginine residues (R585 and R588) identified as being essential for heparin binding by AAV2 (35, 52) . AAV1, which is ϳ83% identical to AAV2, also lacks these arginine residues and does not bind heparin sulfate (56) . Recent studies suggested that AAV1 utilizes sialic acid for transduction (10) . Interestingly, AAV6, which is Ͼ99% identical to AAV1 and does not have residues equivalent to R585 and R588, binds heparin, but this interaction does not appear to be necessary for virus entry (23) . It has also been shown that AAV4 and AAV5, which are ϳ55% identical to AAV2 and to each other, bind sialic acid, not heparin sulfate (11, 56) . However, their glycan specificities differ. AAV4 binds to ␣2,3 O-linked sialic acids, while AAV5 requires ␣2-3 Nlinked sialic acids for cell attachment and entry (31, 63, 64) .
In addition to having unique cell tropisms, several AAV serotypes are antigenically distinct. AAV2 is the antigenically best-characterized serotype, for which linear and conformational epitopes have been identified on the capsid by using peptide mapping and single amino acid mutations (44, 67) . Some of the other AAV serotypes show cross-reactivity to a number of AAV2 antibodies, although the A20 conformational epitope, which maps to four different regions of the primary sequence, is specific to AAV2 and AAV3 (44, 67) . AAV4, which was originally isolated from African green monkeys, is one of the most antigenically distant AAV serotypes and is unable to cross-react with antibodies generated to linear AAV2 epitopes, such as the AAV2 B1 site. The B1 antibody is able to react with most of the other AAV serotypes (e.g., see references 56 and 67).
The three-dimensional structure of AAV2 has been determined by X-ray crystallography (70) and cryo-electron microscopy (cryo-EM) with image reconstruction (39, 40) , and the structures of AAV4 and AAV5 have been determined by cryo-EM (53, 62) . Surprisingly, the AAV capsid surface topology is similar in architecture to those of the autonomous parvovirus Aleutian mink disease virus (47) and human parvovirus B19 virus (B19) (1, 12, 34) , despite very low VP amino acid sequence identity (53) . The surfaces of the AAV capsids have depressions at the icosahedral twofold axes and surrounding the fivefold axes but contain three distinct protrusions surrounding the threefold axes, unlike the single-pinwheel arrangement of surface loops at these axes for members of the Parvovirus genus (reviewed in reference 53). The protrusions surrounding the threefold axis create valley-like depressions between the two-and threefold axes, as observed in Aleutian mink disease virus and B19. The cylindrical channel at the fivefold axis of the parvovirus capsid, which is implicated in packaging of the parvovirus genome and the phospholipase activity of the VP1 unique region (4, 16, 17) , is conserved.
Structural variations that cluster from symmetry-related VP monomers of autonomous parvovirus capsids determine tissue tropism, pathogenicity, and antigenic disparities between highly homologous strains (reviewed in reference 2). A comparison of the pseudoatomic models of VP3 built into the cryo-EM densities of AAV4 and AAV5 capsids to the crystal structure of AAV2 (70) provided preliminary structural information indicating that variations of surface regions between these viruses likely play a role in receptor attachment and antigenicity differences (53, 62) . However, detailed information on the positions of the amino acids in these variable structural regions was beyond interpretation at the resolution of the cryo-EM structures. To facilitate this analysis, we have determined the crystal structure of AAV4 to 3.2-Å resolution, using X-ray crystallography. Comparison of the VP3 atomic models of AAV4 and AAV2 enabled accurate assignments of their variable surface amino acids, most of which are involved in receptor recognition, affect transduction, or confer antigenic specificity in AAV2. This study has also identified AAV capsid regions that can tolerate compensating structural loop insertions and deletions without detriment to capsid assembly.
MATERIALS AND METHODS
Virus production, purification, and crystallization and data collection and processing. The production, purification, and preliminary X-ray crystallographic studies of wild-type AAV4 capsids have been reported (33) . Briefly, a total of 276 0.3°-oscillation X-ray diffraction images were collected from six frozen crystals at the F1 beamline at the Cornell High Energy Synchrotron Source. The crystals belong to space group I222, with the following cell dimensions: a ϭ 339.6, b ϭ 319.2, and c ϭ 285.0 Å. The final data set consisted of a total of 192,100 independent reflections for data between 50.0-and 3.2-Å resolution, with an R sym of 16.4% and an overall completeness of 75.9% (Table 1) .
Structure determination and refinement. Molecular replacement procedures utilizing rotation and translation function searches for structure determination of the AAV4 capsid have been reported previously (33) . There are two complete virus capsids in the I222 cell positioned at (0,0,0) and (1/2, 1/2, 1/2), with three orthogonal icosahedral twofold symmetry axes coincident with the three crystallographic twofold axes. Thus, there are 15 VP monomers per crystallographic asymmetric unit. Initial phases (for all reflections) were calculated using a polyalanine model generated from the VP2 coordinates of the crystal structure of feline panleukopenia virus (PDB accession no. 1C8E). The model was oriented and positioned based on the molecular replacement solution, followed by application of crystallographic symmetry operators to generate the two complete icosahedral particles in the crystal unit cell. Phases were calculated using the CNS program (6) .
The refinement of the AAV4 capsid VP structure was performed by alternat- (29) . A test data set of 5% was partitioned for monitoring of the refinement process (5) . The initial phases were improved using simulated annealing, energy minimization, and conventional positional refinement followed by real-space electron density map averaging, using a molecular mask, while applying strict 15-fold noncrystallographic symmetry in the CNS and RAVE programs (6, 28, 36) . Residues 211 to 734 of the AAV4 VP sequence were assigned to averaged sigma-weighted 2F o -F c electron density maps by manual substitution, insertion, and deletion of amino acids. Following this rebuilding procedure, new phases were calculated and improved by several alternating cycles of refinement, realspace electron density averaging, and rebuilding (6, 29) . The refinement was deemed to have converged when there was no further improvement in the overall agreement between F o and F c (R factor ) and the averaging correlation coefficient was 0.90. Water molecules were added to unassigned electron density (at 1.5 in the F o -F c map) within hydrogen bond donor or acceptor distances. In addition, density inside the capsid consistent with a single DNA nucleotide was modeled as dAMP. The final AAV4 capsid VP model was then used to calculate average temperature factors and the root mean square deviation (RMSD) from ideal bond lengths and angles using the CNS program (6) and from main-chain torsion angles using the PROCHECK program (41) ( Table 1 ). Figures were produced using the BOBSCRIPT (15), Chimera (54), GRASP (51), PyMol (14) , and RASTER3d (48) programs.
Comparison of AAV4 and AAV2 VP3 structures. The coordinates of VP3 for AAV4 and AAV2 (PDB accession no. 1LP3) were aligned with the secondary structure matching (SSM) program (38) . The program superimposes C-␣ positions and provides information on residues that are structurally equivalent, inserts gaps when the atoms are too far apart to superimpose, and provides the distances (in Å) between the C-␣ positions.
Calculation of atomic contacts and buried surface area between VP monomers. The residues involved in icosahedral two-, three-, and fivefold symmetryrelated VP interactions (Յ3.6 Å) were analyzed using the Contact subroutine in the CNS program (6) . The buried surface areas between monomers were calculated for the AAV4 and AAV2 (PDB accession no. 1LP3) capsids at the two-, three-, and fivefold interfaces, also using the CNS program (6) . This algorithm utilizes the method of buried surface calculation reported by Lee and Richards (42) , assuming a probe radius of 1.4 Å.
Protein structure accession number. The refined coordinates for AAV4 VP3 have been deposited in the Protein Data Bank (PDB accession no. 2G8G).
RESULTS
Structure of AAV4. The crystal structure of AAV4 has been determined and refined to a 3.2-Å resolution. The final model consists of amino acid residues 211 to 734 (VP1 numbering), which are within the VP1/VP2/VP3 common polypeptide region ( Fig. 1A and B) , one DNA nucleotide (dAMP) (Fig. 2) , and 15 solvent molecules ( Table 1 ). The first 210 amino acids of AAV4, containing the VP1 unique region with the PLA2 domain, the VP1-VP2 common region (residues 137 to 195), and the first 15 residues of VP3, are not observed in the averaged density map. The lack of ordering of these N-terminal residues is consistent with reports for all parvovirus structures determined to date. This is due to the low copy numbers of VP1 and VP2 in the capsid and to the possibility that the N termini of VP1, VP2, and VP3 adopt different conformations, which is incompatible with the icosahedral symmetry assumed during structure determination. Since the AAV capsid is made up of mainly VP3 (ϳ90%), this protein designation will be used when describing the AAV4 VP structure for the remainder of the article. The final R factor , after restrained B value refinement, is 0.263 for all reflections (except for the 5% test data set) between 50-and 3.2-Å resolution. R free , calculated with the 5% F o test data set, is 0.273. The similarity of R factor and R free for the structure is due to the high noncrystallographic icosahedral symmetry of the capsid. These R values are comparable to or better than those quoted for all available parvovirus capsid structures and those of viruses from other families, as detailed on the VIPER website at http://viperdb .scripps.edu (57) . The stereochemical parameters and geometries of the AAV4 VP3 model (as listed in Table 1 ) are consistent with those reported for other virus structures at comparable resolutions.
The atomic model of AAV4 VP3 built into the X-ray density map enables the accurate assignment of amino acid side chain positions (Fig. 1A) , surface loop regions, and secondary structure elements (Fig. 1B) , in contrast to the lower-resolution cryo-EM structure and pseudomodel previously published (53) . AAV4 VP3 contains a core eight-stranded ␤-barrel motif (␤B to ␤I) decorated by loop insertions between the ␤-strands and a small ␣-helix (␣A; residues 283 to 292) that is conserved in all parvovirus structures determined to date (Fig. 1B) . Small stretches of antiparallel ␤-strands are also observed in the loops between the core strands ( Fig. 1B) , as previously described for AAV2 (70) and members of the autonomous parvoviruses (reviewed in reference 9).
The clustering of the loop/strand regions between the eight core ␤-strands from icosahedral symmetry-related VP3 monomers ( Fig. 1C to E) forms the characteristic parvovirus capsid surface features of AAV4 (Fig. 1F ). There is a depression at the icosahedral twofold axis, three protrusions surrounding the threefold axis, and a depression surrounding a channel at the icosahedral fivefold axis. The diameter of the capsid is 223 Å at the twofold axis, 252 Å at the icosahedral threefold axis, 279 Å at the peak of the three mounds surrounding this axis, and 246 Å at the icosahedral fivefold axis. The floor of the twofold axis is the thinnest region of the capsid shell, formed by only two symmetry-related loops (residues 695 to 704) which intertwine about each other (Fig. 1C) . The highly conserved ␣A forms the wall of the depression at the twofold axis (Fig. 1C) . The three separate mounds surrounding the icosahedral threefold axis of the AAV4 capsid ( Fig. 1F) are formed from the intertwining of four loops from two threefold symmetry-related VP3 monomers (Fig. 1D ). These mounds contain residues 437 to 459 and 576 to 594 from one VP3 monomer and residues 478 to 508 and 539 to 558 from another monomer. These residues are located in the large loop between strands ␤G and ␤H. Two of the small stretches of strand structure, between ␤D and ␤E, form a ␤-ribbon, which together with ribbons clustered from fivefold icosahedral symmetry-related monomers line the conserved cylindrical channel at this capsid region ( Fig. 1E and F) . The floor of the depression around this channel is lined by the loop between ␤H and ␤I (the HI loop; residues 650 to 667 [VP1 numbering]) that invades from the adjacent fivefold symmetry-related monomer (Fig. 1E) .
Following the refinement of the AAV4 VP3 monomer and the addition of water molecules, a difference Fourier map showed additional density below the capsid interior at the icosahedral threefold axis, consistent with a dAMP nucleotide ( Fig. 2A) . The binding pocket is surrounded by two glycines, two histidines, two phenylalanines, three prolines, one valine, and a serine residue. The adenine base is stacked between two of the prolines, P413 and P629 (Fig. 2) , and its N-1 and N-6 atoms are involved in a polar interaction with the main-chain atoms of residues N637 and P629 ( Table 2 ). The phosphate group is close enough to form a hydrogen bond with one of the histidines, H626 (Table 2 ; Fig. 2B ). showing the core eight-stranded ␤-barrel strands (dark blue), stretches of antiparallel ␤-strands (light blue), loops (green), and the helical region (red). The first N-terminal residue observed (211), the C-terminal residue (734), the eight strands (␤B to ␤I) that make up the core ␤-barrel, and a conserved alpha-helix, ␣A, are labeled. The secondary structure elements were assigned using the DSSP program (30) . (C to E) Ribbon diagrams showing interactions of the AAV4 VP3 monomers at the two-, three-, and fivefold axes, respectively. The reference (Ref), twofold (2f), threefold (3f1 and 3f2), and fivefold (5f1 to 5f4) related monomers are labeled. The interdigitation of two VP3 monomers forming the protrusions around the threefold axis is highlighted by a dashed circle in panel D. The loop between ␤H and ␤I that contains interactions between adjacent fivefold related monomers is highlighted by a dashed circle in panel E. The approximate positions of the icosahedral two-, three-, and fivefold axes are shown in panels B to E by filled ovals, triangles, and pentagons, respectively. (F) Depth-cued surface representation of the AAV4 capsid crystal structure viewed down the icosahedral twofold axis. A viral asymmetric unit is depicted by a triangle (in white) bounded by two threefold (3f) axes, divided by a line drawn through the twofold (2f) and a fivefold (5f) axis. Panels A to E were generated using the BOBSCRIPT program (15) and rendered with the RASTER3d program (48); panel F was generated using the GRASP program (51).
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Structural comparison of AAV4 and AAV2 VP3 proteins. A superimposition of the AAV2 VP3 model (70) onto the AAV4 electron density map identified main-and side-chain regions that were structurally different between the two serotypes ( Fig.  3A and B) . Using the SSM program (38) , 497 of 524 residues of AAV4 VP3 were superimposable onto the equivalent VP3 residues of AAV2, with an overall RMSD of 1.0 Å. The remaining C-␣ positions were too variable to be compared. This comparison highlighted nine regions (I to IX) that are conformationally distinct (defined as stretches of more than two amino acids with C-␣ positions that are Ͼ1.0 Å apart) between the two serotypes (Fig. 3C) . The majority of the variable regions (IV to VIII) are located in the stretch of amino acids between strands ␤G and ␤H (Fig. 3C) . All of the regions are close to or on the capsid surface (Fig. 4) . Structural alignment of the AAV4 and AAV2 VP3 proteins shows that their ordered regions are ϳ75% identical, which is ϳ20% greater than their primary amino acid sequence identity. The percentage of struc- tural identity is lower than that previously reported (98%) for comparison of the pseudoatomic model of AAV4 VP3 built into a 13-Å-resolution cryo-EM and image-reconstructed map with the AAV2 VP3 atomic model (53) . This is to be expected because the pseudoatomic model was built from the AAV2 VP3 atomic coordinates and docked by rigid-body rotation and translation into a cryo-EM envelope, with limited adjustment of main-chain regions (53) .
Superimposition of the AAV4 and AAV2 VP3 proteins shows the distribution of AAV4/AAV2 variable regions in the contexts of the monomer and the viral asymmetric unit (Fig.  4A and B, respectively) . While they are distributed throughout the VP3 primary sequence and monomer structure (Fig. 3C  and 4A ), these variable regions are clustered from icosahedral symmetry-related monomers to create local variations on the AAV capsid (Fig. 4C and D) . Variable regions I, III, VII, and IX contribute to differences between the two viruses in the raised capsid surface region between the depressions at the icosahedral twofold axis and surrounding the fivefold axis ( Fig.  4C and D) . This region is more pronounced in AAV4, resulting in a deeper twofold axis than that of AAV2, which has an almost continuous depression between the two-and fivefold axes (Fig. 4D ). Variable region IV is "folded" down toward the interface between threefold monomers containing variable region V in AAV4 (Fig. 4B) , resulting in the rounder appearance of the protrusions surrounding its icosahedral threefold axis than the finger-like projections in AAV2 (Fig. 4C and D) . Variable regions V and VII result in a wider base for the AAV4 protrusion. The conformational difference at variable region VI is located on the wall surrounding the twofold depression/base of the threefold protrusions, also adding to the width of the AAV4 protrusions. The larger protrusions surrounding the threefold axis of AAV4 result in a narrowing of the "valley" that runs from the threefold axis to the twofold axis of its capsid compared to that in AAV2 (Fig. 4C and D) . The clustering of variable region II results in a noticeable structural difference between the AAV4 and AAV2 capsids at the top of the channel formed by fivefold symmetry-related VP3 monomers (Fig. 4C and D) . Structural variations similar to the AAV4/AAV2 loop differences are observed in analogous capsid regions in structures for members of the Parvovirus genus, including the closely related strains of Minute virus of mice (MVM) (reviewed in references 2 and 37).
This comparison of the crystal structures of AAV4 and AAV2 VP3 topologies, along with earlier comparisons of parvovirus structures, indicates that their VPs can tolerate variation in equivalent surface regions that cluster to create three main groups of capsid topologies (reviewed in references 9, 37, and 53). Notably, for AAV4 and AAV2, despite the surface loop variations described above, adjacent regions of compensating structural deletions and insertions (e.g., regions III and VI or regions I and V in Fig. 4B ) cluster on the capsid surface to form similar overall parvovirus capsid topologies.
AAV subunit interface interactions. The results of analysis of the contact residues and their interactions at the two-, three-, and fivefold capsid interfaces are shown in Table 2 for AAV4. The data for AAV2 are similar (not shown). The majority of the interface interactions involve hydrophobic and van der Waals contacts, although there is also a significant number of electrostatic and hydrogen bonding interactions (11 of 29) at the twofold axis ( Table 2 ). The threefold interactions involve 9 electrostatic and 57 hydrophobic contacts, while the fivefold interface is formed by 8 electrostatic and 25 hydrophobic contacts.
The residues involved in the twofold (dimer) and fivefold (pentamer) interactions are almost completely conserved between AAV4 and AAV2, while those creating the threefold mounds are more extensive and varied ( Table 2 ). The two-and fivefold interactions utilize residues in the core eight-stranded ␤-barrel domain, and the conserved ␣H helix forms the majority of the twofold interface contacts (19/29) ( Table 2 ; Fig. 3C  and 5 ). This is consistent with a direct comparison of the AAV capsid interface residues and those forming the variable surface loop regions described above, which shows that the most structurally conserved interface is between twofold-related VP monomers, with only variable region IX involved in dimer formation ( Table 2 ; Fig. 1, 3C, 4 , and 5). The pentamer interface is also formed mainly from structurally conserved regions but does involve interactions between residues in variable regions III and IX and in region II at the top of the fivefold Fig. 3 , are labeled. The approximate two-, three-, and fivefold axes are indicated as in Fig. 1. (B) Positions of variable loop regions I to IX within a viral asymmetric unit. The asymmetric unit is defined in the legend to Fig. 1 . The viral asymmetric unit contains contributions from the reference and a twofold (2f), a threefold (3f1), and a fivefold (5f1) VP3 monomer. The prefixes on the labels for the variable regions indicate the contributing monomers. (C and D) Depth-cued surface representations of the AAV4 and AAV2 capsid crystal structures, respectively, viewed down the icosahedral twofold axis. The clustered locations of variable regions I to IX are shown for a viral asymmetric unit of each virus and some of the adjacent regions; the dashed arrows indicate variable regions of the reference outside the asymmetric unit. Panels A and B were generated using the BOBSCRIPT program (15) and rendered with the RASTER3d program (48); panels C and D were generated using the GRASP program (51).
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CRYSTAL STRUCTURE OF AAV4 11563 channel ( Table 2 ; Fig. 4B , C, and D). The threefold interactions mostly involve residues within the elaborate loop between ␤G and ␤H (the G-H loop) ( Table 2 ; Fig. 3C ). Trimer formation involves interactions between amino acids in six of the variable regions, namely, regions III to VIII (Table 2 ; Fig.  4B and D). As mentioned above, complementary loop conformations (similar to deletions/insertions) are juxtaposed to assemble the AAV-like parvovirus capsid topology. Calculation of the buried surface areas between the AAV4 and AAV2 VP3 monomers at the dimer, trimer, and pentamer interfaces showed that the most extensive interactions are between threefold-related monomers, while the least extensive interactions are at the twofold axis. In AAV4, the dimer interface buries 4.4% (2,479 Å 2 ) of the VP3 surface, the trimer interface buries 21% (10,030 Å 2 ), and the pentamer interface buries 8.6% (4,690 Å 2 ). For AAV2, the buried surface areas are 5.3% (2,895 Å 2 ), 20% (9,653 Å 2 ), and 8.6% (4,690 Å 2 ) for the dimer, trimer, and pentamer interfaces, respectively. A similar ranking of buried surface areas is observed for interface formation in autonomous parvovirus capsids (68, 71) . Calculation of the total buried surface area for capsid formation showed that the AAV4 capsid buries 17,664 Å 2 more VP surface than does AAV2. The larger buried surface area for AAV4 capsid formation is due largely to the conformational difference at variable region IV, which folds this loop back onto the interface between the threefold monomers ( Fig. 4A  and B) , suggesting that this capsid might be more stable than AAV2.
DISCUSSION
"Pseudotyping" and "cross packaging" strategies (25, 27, 55, 56) that have enabled direct comparison of the capsids of representative serotypes of the distinct AAV clades, as well as mutagenesis studies on AAV2, the best-studied serotype, have shown that the capsid sequence determines tissue tropism, transduction efficiency, and antigenic reactivity (21) . In addition, the available cryo-EM and crystal structures of AAV2 have enabled the mapping of these functional properties onto the capsid (4, 35, 40, 44, 52, 70) . In efforts to correlate capsid structure to the basic biology of the other AAV serotypes, including interactions for infection, uncoating, assembly, and antibody reactivity, we have determined the crystal structure of AAV4. This virus has a distinct tissue tropism from those of the other AAV serotypes and is the most antigenically different. A detailed comparison of the AAV4 and AAV2 VP3 structures showed that the core ␤-barrel motif is highly conserved, while variable regions map to surface loops between the ␤-strands (Fig. 1, 3, and 4) . A similar arrangement of conserved and variable regions has also been observed for crystal structures of the other parvovirus capsids (reviewed in references 9 and 37).
AAV subunit interactions and buried surface area: implications for capsid assembly and stability. The amino acids and structural regions forming the AAV4 and AAV2 VP3 twofold and fivefold interactions are more conserved than those utilized for threefold interactions. Attempts to mix entire AAV1-AAV5 VPs to form mosaic capsids in an effort to produce novel tropisms showed the VPs of AAV4 to be the most incompatible with those of the other AAVs (56) . In addition, alanine scanning mutagenesis of charged residues in the AAV2 VPs has shown that mutations of two-, three-, and fivefoldinterface amino acid residues can result in no-capsid phenotypes (69) . There is limited information on the assembly pathway of the AAV capsid with respect to the required intermediates, and the above observations (56, 69) suggest that fidelity in the formation of all three icosahedral interfaces is important. Thus, it is probable that structural incompatibility of the interface regions, particularly at the threefold axes since these are the most varied, is responsible for the inability of the AAV4 VPs to mix with those of AAV2 and other serotypes for the formation of mosaic capsids, as observed by Rabinowitz et al. (56) . Future attempts to generate novel tropisms by mixing AAV VPs could be aided by consideration of potential structural variations, as described above for AAV4 and AAV2, which could be circumvented by engineering amino acid stretches that satisfy structurally compensating regions of surface loop deletions/insertions.
The larger buried surface area calculated for the formation of the AAV4 capsid suggests that is likely to be more stable than that of AAV2. Recently, the AAV2 capsid was reported FIG. 5 . AAV4 twofold interface. The figure shows a coil representation of the residues lining the depression at the icosahedral twofold axis of the AAV4 capsid and the conserved helix ␣A on the wall of the depression. The C-␣ positions are shown as small gray and black balls for amino acids that are conserved and different, respectively, between AAV4 and AAV2. The residue numbers and types are labeled for AAV4/AAV2. These residues form the twofold interface interactions listed in Table 2 . The approximate twofold axis is shown as a filled oval. This figure was generated with the BOBSCRIPT program (15) and rendered with the RASTER3d program (48) .
to be uncoated at a lower rate than those for AAV6 and AAV8, which results in slower cellular transduction than that of the latter viruses due to a lag in conversion of the genome to double-stranded DNA forms (60) . While a similar comparative study of AAV2 and AAV4 is not yet available, the prediction is that AAV4 capsids would be uncoated even slower than AAV2 capsids.
Putative nucleotide binding site. The ordering of a dAMP nucleotide inside the AAV4 capsid, directly under the icosahedral threefold axis, was unexpected. Significantly, the adenine base was unambiguously assigned into the F o -F c density (at a 4 density cutoff), as defined by the density for the amino group at ring position C-6. The density interpreted as the base could not accommodate an NH 2 group at the C-2 position of a guanine nucleotide. The AAVs package single copies of either the plus-or minus-sense strand of their ssDNA genomes inside different capsids. Therefore, the AAV4 crystals were obtained from two different populations of capsids. In addition, the application of noncrystallographic symmetry operators during the structure refinement and electron density map averaging procedures assumed icosahedral symmetry, and as such the resultant observed structure is compliant with this constraint. Thus, the assumption is that dAMP, which was refined with an occupancy of 1.0 and a B factor of 54.7 Å 2 (Table 1) , is bound in the majority of the 60 binding pockets inside the capsid. This specificity of nucleotide binding suggests either that the genome is structurally ordered to place the same nucleotide into the 60 equivalent pockets or that the configuration of the pocket is highly specific for interaction with this nucleotide. The mechanism driving this interaction is not known.
Interestingly, the amino acids that form the nucleotide binding pocket are highly conserved between all AAVs (53), and there are other reports of amino acid-base interactions involving proline residues and adenine (46) . However, there was no report of a similar nucleotide ordered in the crystal structure of AAV2 (70) . This binding pocket is not conserved in the capsid structures of members of the Parvovirus genus that package only the minus-sense strand of their ssDNA genomes, and the ordered nucleotide is not in an analogous region to the ssDNA nucleotides ordered inside the capsid in the crystal structures of canine parvovirus (CPV) (71) and MVM (3). Mutagenesis studies are under way to investigate the significance of the conserved amino acid residues in AAV genomic DNA packaging, capsid stability, assembly, and disassembly.
Functional comparison of AAV4 and AAV2 with respect to regions involved in heparin binding and transduction efficiency. Although it is known that AAV4 binds O-linked sialic acids for cellular entry and infection, the capsid residues/regions required for this interaction are not known. There is no consensus amino acid sequence known to recognize sialic acid. On the other hand, heparin sulfate, utilized by AAV2 as a primary receptor, is known to interact with patches of basic amino acids. Residues contributing to the heparin binding site of AAV2, namely, R484, R487, K532, R585, and R588, have been identified by mutagenesis (35, 52) and are clustered from threefold symmetry-related VP3 monomers on the walls and bases of the mounds surrounding the icosahedral threefold axes ( Fig. 6A and C) . The two critical residues, R585 and R588, are not conserved in AAV4, but AAV4 K479, which aligns with AAV2 R484 in the primary sequence, is located in a structurally equivalent position in both capsids (Fig. 3 and 6C and D). AAV4 K485 and R532, which align with AAV2 R487 and K532, respectively, in the primary sequence, are located in variable regions V and VI. The clustering of variable regions V, VI, and VIII from symmetry-related VP3 monomers buries AAV4 K485 and alters the surface position of AAV4 K532 on the wall of the threefold protrusion/valley between the twoand threefold axes (Fig. 6C and D) . These differences also bury most of the side chain of AAV4 K479 (Fig. 6D) . Interestingly, AAV4 contains a number of basic surface residues, including R383, K503, H507, and R593, close to the AAV2 basic patch (Fig. 6D) . The C-␣ position of AAV4 R383 is structurally equivalent to that of AAV2 R389, although the arginine side chain is mostly buried in AAV2 because of adjacent variable regions (Fig. 6C) . The C-␣ position of AAV4 H507 is equivalent to that of AAV2 K507, but the surface exposures of their side chains are different due to their proximity to variable region V (Fig. 6C and D) . There are no basic residues in AAV2 that are structurally equivalent to AAV4 K503 or R593; instead, three acidic residues, D269, D514, and D594, occupy the equivalent surface region (Fig. 6C) . Thus, while both viruses have basic residues in this capsid region, a continuous appropriately disposed minimum basic surface required to bind heparin sulfate is missing in AAV4, resulting in its negative heparin binding phenotype.
A further observation in comparing the heparin binding region of AAV2 and the equivalent capsid surface region of AAV4 is that the basic patch required for AAV2 heparin binding is in contact with an acidic region (Fig. 6C) . This acidic patch, next to AAV2 R487, K527, and K532, is formed by residues AAV2 D528, D529, E530, E531, and E574 (Fig. 6C) , which are conserved in most of the AAV serotypes, except for AAV4 and AAV5 (53) . AAV6 contains lysine at the primary sequence position equivalent to position 530 in AAV2. AAV4 D573, which is structurally equivalent to AAV2 E574, is separated from the acidic patch by a hydrophobic region (Fig.  6D) . However, the AAV4/AAV2 surface variations due to regions V and VI expose residues D530, E562, and E563 to create an acidic patch next to K532 in AAV4 (Fig. 6D) . Mutagenesis and structural studies of CPV and MVM, respectively, showed that residues on the walls of the twofold axes at the bases of their threefold protrusions which are structurally equivalent or close to the acidic/basic residues in the AAVs function as sialic acid binding regions (45, 61) . Interestingly, CPV and MVM also have similar distributions of acidic/basic residues on the walls of their twofold axes extending toward the threefold axis (data not shown). Thus, the local loop variations and the resulting charge distributions in this region of the AAV4/AAV2 capsid surface may play a part in their ability to recognize and bind different cell surface carbohydrates. The significance of the structural juxtaposition of the acidic and basic residues in heparin binding, and possibly sialic acid binding, for the AAV capsids awaits structural determination of these capsids with their respective receptors.
A cell transduction "dead zone" which is unrelated to heparin binding was recently delineated on the AAV2 capsid by VOL. 80, 2006 CRYSTAL STRUCTURE OF AAV4 11565 mutagenesis of capsid surface residues followed by transduction experiments with human HepG2 cells (44) . Mutation of residues in this capsid region affects the transduction properties of AAV2. Six of the nine AAV4/AAV2 variable regions (I, II, III, V, VI, and IX) contain residues in this dead zone, which is located in the raised capsid surface region between the twofold and fivefold depressions and the wall of the twofold depression/base of the threefold protrusions (Table 3 ; Fig.  4D ). It was suggested that the dead zone could be a coreceptor attachment site for AAV2 and that such an interaction could be mediated by heparin since the region is close to the AAV2 basic patch (44) . Notably, AAV2 residue K532 (in variable region VI), originally mapped as part of the heparin binding region (discussed above), was shown to affect AAV2 transduction rather than heparin binding in this study and was classed as a dead zone residue (44) . A basic residue is conserved at this amino acid position in most of the human and nonhuman primate AAV serotypes isolated to date, except for AAV5, which has an asparagine (53) . This correlation of AAV4/2 conserved and variable regions with the transduction dead zone defined for AAV2 suggests that analogous capsid regions of the other AAV serotypes may also affect their transduction properties. Functional comparison of AAV4 and AAV2 with respect to antigenic reactivity. In efforts to generate second-generation AAV vectors that conserve their original tissue tropism but can (35, 52) and the structurally equivalent region in AAV4 (boxed in panel B), respectively. The residue positions are either labeled on top of the respective surface region or indicated by black arrows. The underlined residues were shown to affect heparin binding in AAV2. This figure was generated using the Chimera program (54) .
evade neutralization by preexisting host immune antibodies, information on antigenic regions of the capsid is valuable. However, the only antibody available for AAV4 was generated to a predicted surface peptide (residues 455 to 467 [AAV4 VP1 numbering]) (32) . Polyclonal antibodies generated against this peptide are useful for AAV4 VP Western blot analysis but are unreactive against all other AAV serotypes. This peptide is located in a region of high amino acid variability between the AAV serotypes (53) and is structurally located in variable region IV at the top of the protrusions surrounding the threefold axis (Fig. 3C and 4B and C) . Thus, the lack of reactivity of other AAV serotypes to polyclonal antibodies generated against it is not surprising.
As discussed above for capsid regions controlling receptor recognition and transduction efficiency, AAV2 is the antigenically best-characterized AAV serotype. Peptide mapping has been used to identify both linear and conformationdependent epitopes on the AAV2 capsid (66, 67) . Three linear epitopes (A1, A69, and B1) and four conformational epitopes (A20, C24-B, C37-B, and D3) have been reported, although the residues for the C24-B site have not been mapped. For the linear epitopes, A1 antibody recognizes VP1 only, while A69 antibody recognizes a peptide in the VP1/VP2 common region and B1 antibody recognizes all three capsid proteins via an epitope at their C termini (67) . The C24-B and C37-B epitopes elicit antibodies that neu- FIG. 7 . Antigenic variation between AAV4 and AAV2. (A) The conformational antigenic sites defined for AAV2 using peptide mapping are shown on a VP3 monomer (blue coil). The C-␣ positions for the A20 epitope (VP1 numbering; residues 272 to 281, 369 to 378, and 566 to 575) are shown in lime green balls, the C37-B epitope (residues 493 to 502 and 602 to 610) is shown in magenta, the D3 epitope (residues 474 to 483) is shown in orange, and the linear B1 epitope (residues 726 to 733) is shown in blue. The two-, three-, and fivefold axes are depicted as described in the legend to Fig. 1 , and variable regions I to IX are labeled. (B) C-␣ positions (in blue balls) of residues involved in A20 antibody binding and neutralization, as defined by single amino acid mutations mapped onto the AAV4/AAV2 variable regions. The mutated residues and the variable regions in which they are located are labeled. The viral asymmetric unit, as defined in the legend to Fig. 1F , is shown. (C) Superimposition of the AAV2 (blue) and AAV4 (red) structures at the amino acid stretch that forms the B1 epitope. The two amino acids that differ in this region are labeled with the same color as that used for the parent virus structure. This figure was generated using the BOBSCRIPT program (15) and rendered with the RASTER3d program (48). tralize by inhibiting heparin sulfate receptor attachment, while antibodies to the A20 site neutralize at a postattachment step and D3 antibodies are nonneutralizing. AAV serotype reactivity to antibodies to the A20 epitope is limited to AAV2 and AAV3. The A20 epitope, which was mapped by peptide antibodies (Fig. 7A , residues 272 to 281, 369 to 378, and 566 to 575) (67) and, more recently, fine mapped by single-amino-acid mutagenesis (residues 263, 264, 384, 385, 548, and 708) (Fig. 7B) (44) , contains residues from four different regions of the primary VP3 sequence. Structurally, these regions are clustered together on the capsid surface ridge between the two-, three-, and fivefold axes in the AAV2 structure, at or close to variable regions I, III, VII, and IX (Table 3 ; Fig. 7B ). Interestingly, the study describing the AAV2 transduction dead zone (discussed above) also identified residues in variable regions I and IV to IX as affecting binding and neutralization by pooled human sera and intravenous immunoglobulin G (44) ( Table 3) . Thus, if the dead zone is involved in coreceptor recognition, as Lochrie et al. proposed (44) , then the A20 antibody, pooled sera, and immunoglobulin G may block this interaction and inhibit subsequent steps required for trafficking.
Antibodies to the C37-B epitope specifically recognize AAV2, not AAV1, -3, -4, or -5 (67) . This is consistent with this epitope (Fig. 7A , residues 493 to 502 and 602 to 610 [VP1 numbering]) containing residues in variable region V and being close to region VIII, containing the critical R585 and R588 AAV2 heparin binding residues. Thus, the phenotype of its antibodies is consistent with their inhibiting receptor attachment. D3 antibodies recognize serotypes AAV1, AAV3, and AAV5 but not AAV4 (67) . The recognition of AAV1, AAV3, and AAV5 is consistent with the D3 epitope (Fig. 7A , residues 474 to 483) being fairly conserved among these AAV serotypes (53) . The lack of AAV4 recognition by D3 antibodies is consistent with the proximity of this epitope's residues to variable region V and with the other structural differences between AAV4 and AAV2 that cluster at the mounds surrounding the icosahedral threefold axes (Fig. 4) .
The AAV4 capsid has a unique phenotype among the AAVs in that it is not recognized by the B1 antibody, which is directed to a linear epitope (residues 726 to 733) at the conserved C-terminal end of the AAV VP3 protein (67) . Comparison of the AAV2 and AAV4 VP3 crystal structures at the B1 epitope amino acids showed no major conformational differences, with the C-␣ atoms being superimposable (Fig. 7C) . This suggests that H732 in AAV4 (Fig. 7C) , located at the amino acid position equivalent to AAV2 R733, is involved in the inhibition of the AAV4 capsid-antibody interaction since most other AAVs recognized by the B1 antibody have an arginine or lysine at this position.
In summary, this study has identified regions of the AAV capsid that are structurally conserved between two distinct serotypes that can be probed further by mutagenesis to determine their functional roles in capsid assembly and genome packaging, which require concerted interactions of high fidelity. Significantly, all of the AAV4/AAV2 variable regions identified in this study coincide with surface regions associated with the functionality of the AAV2 capsid protein with respect to receptor binding, transduction efficiency, and antigenic reactivity (Table 3) . This observation suggests an evolutionary divergence resulting in distinct phenotypes for the two viruses. It also suggests that these variable regions likely play similar roles for the other AAV serotypes. Finally, this AAV4/AAV2 comparison identified capsid surface regions that can tolerate structural insertions and deletions, which can be utilized to rationally engineer specific cell/tissue-targeted vectors for improved applications by peptide insertion.
